THE FIRST association between antenatal diagnostic x-irradiation and a subsequent increase in leukaemia and other childhood cancers was reported nearly 20 years ago (Stewart et al., 1956; Stewart, Webb and Hewitt, 1958) . A number of other surveys were made in the next few years, some confirming and some denying the association, but all of them in fact statistically compatible with the original finding of a 40-50% increase in deaths from malignant disease before the 10th birthday (MacMahon and Hutchinson, 1964) . Even now, however, it can be claimed that there is no proof of a causal association and by inference or explicitly that the association is simply the consequence of a higher rate of diagnostic radiography in those foetuses predetermined to have a higher cancer rate anyway (Miller, 1969; Burch, 1970 Burch, , 1974 . Of course, such a hypothesis of coincidence does not of itself refute a hypothesis of causality or vice versa; both could be true. There have been two main observational problems. First, there seemed to be no comparable populations of foetuses with widely differing rates of exposure to x-rays which would allow the respective strengths of coincidence and causality to be compared. Secondly, Japanese bomb survivors irradiated in utero have shown only a very small excess of cancer, given certain assumptions far smaller than might be expected from the risk estimates derived from studies of antenatal diagnostic radiography (Jablon and Kato, 1970) . It now seems possible to go some way to resolve both these problems and so to conclude that antenatal diagnostic radiography is truly carcinogenic, whether or not there is also a degree of selection for radiography of those with an above average cancer risk even when not radiographed.
Comparative observations on twin and singleton births Stewart (1973a, b) has published data on the numbers of fatal leukaemias and solid cancers in twins, of whom 55% were radiographed, and in singleton births, of whom 10% were radiographed. These allow calculation of death rates in the first 10 years of life (Table I) . Twins of opposite sex are clearly dizygotic. It is commonly assumed with almost complete justification that there must Stewart (1973a) . The numbers of leukaemias and solid cancers are given for singletons plus twins in Table III of Stewart (1973b) and subtraction of the twin data gives the numbers for singletons alone. The populations considered in Stewart (1973a, b) are identical (Stewart, 1974 personal communication) . t Twin data from Stewart (1973a) . The radiography rate was very similar for like sex twins and opposite sex twins, with no significant differences either in the Oxford Childhood Cancer Survey or in the 1958 perinatal survey (Stewart, 1974, personal communication). be a similar number of dizygotic twin births of like sex and this allows the number of monozygotic twin births to be derived by subtraction from the total of births of like sex. It may also be assumed that the deaths from malignant disease in dizygotic twins will be the same for like sex twins and for twins of opposite sex, so that the corresponding deaths for monozygotic twins can also be derived. The published data allow these calculations to be made separately for x-rayed and non x-rayed foetuses although there must be some small error because the sex of 2 of 70 twin leukaemias and of 2 of 91 twin cancers was not recorded (Stewart, 1973a) ; these therefore have to be omitted. Death of one twin in utero and survival of an apparent singleton will only reduce differences between singletons and twins (Hewitt and Stewart, 1970) .
When singleton births and all twins combined are compared, Table I shows that non x-rayed singletons had a leukaemia rate almost twice that of non x-rayed twins and a rate for solid cancers also larger but less so. X-rayed singletons and twins each showed higher rates than the non x-rayed and the numerical increase associated with radiography was about the same for each type of birth and each class of malignant disease, in the range 11-14 cases per 100,000 radiographed. The proportionate increase was also similar, except for leukaemia in twins.
Separate analysis of presumed mono-zygotic and dizygotic twins (Table I) shows that the death rate from leukaemia and solid cancers in non x-rayed foetuses was smaller for each kind of twin than for singletons, but that dizygotics were much more like singletons than monozygotic twins. The excess of leukaemias and solid cancers in the x-rayed was similar in singletons and in dizygotic twins.
Tne somewhat smaller excess of leukaemias and solid cancers in the latter is as might be expected because there is a larger proportion of single film examinations and therefore a somewhat smaller mean radiation dose for twins than singletons (cf. Stewart and Kneale, 1971) . This factor makes the increase in leukaemias and solid cancers in x-rayed monozygotic twins even more noteworthy. The numerical increase associated with radiography was 2-3 times higher in monozygotic than in dizygotic twins (and the proportionate increase correspondingly greater).
Conmment: Dizygotic twins will have the same genetic diversity as singleton births and their genetically determined predisposition to cancer would be expected to be broadly similar unless there is some influence of twinning qua twins. Their rates for leukaemia and for solid cancers were in fact similar, both when x-rayed and when not x-rayed. The only effect of twinning per se might be the 20-30% smaller rates in unirradiated dizygotic twins compared with unirradiated singletons. This could be associated with the greater perinatal mortality of such twins as compared with singletons (Table I ) if Stewart's (1973a) (Barr and Stevenson, 1961) and in the non x-rayed the death rate in childhood from leukaemia and from solid cancers is clearly smaller ( Table I ). The complete absence of leukaemias may be an artefact of small numbers. Hewitt and Stewart (1970) wrote that "the deficit of like sex pairs not x-rayed implies selective elimination of twin zygotes from neoplasms the result of cell damage incurred at or shortly after conception ". Table I shows that the deficit in like sex twins is very largely the consequence of a much larger deficit in monozygotic twins and, if so, this suggestion as to cause must apply in much greater degree to monozygotic than to dizygotic twins and cannot be due simply to twinning. An alternative explanation which does not invoke " cell damage " at or shortly after conception, is specific to monozygotic twins and particularly applicable to leukaemia. If leukaemia originated in one twin, it would have a high chance of affecting the other twin as a consequence of migration of cells from the one monozygotic twin through a common chorion into a perfectly histocompatible host, the other twin (cf. MacMahon and Levy, 1964) . In fact, there seems to be a very high frequency of concordance between monozygotic twins dying of leukaemia in the first few years of life (MacMahon and Levy, 1964; Keith and Brown, 1970) .
WAhatever the mechanism underlying this concordance, there must be severe selection pressure against a simultaneous genetic predisposition to " spontaneous " leukaemia and to monozygotic twinning, and this would lead to a low natural leukaemia rate in unirradiated monozygotic twins. The same argument might even account for such twins having a lower frequency of solid cancers: in the embryo, if not in the foetus, some migration of tumour cells from one twin into the other is not an unreasonable thing to imagine. It would be interesting to learn the facts about the numbers of concordant cancers in pairs of monozygotic twins separately (cf. Stewart, 1973b) .
There is no more selection for radiography of monozygotic than of dizygotic twins and effects of twinning qua twins must be the same. Thus, it is noteworthy that, as judged by the numerical excess of cases, the sensitivity to radiation induction of malignant disease seemed to be 2-3 times larger in monozygotic twins than in dizygotic twins. There is no definite explanation: irradiation is most frequent in the third trimester and migration of cells from one twin to another may seem increasingly unlikely as pregnancy progresses, and would also imply that much of the radiation induced excess in monozygotic twins would be attributable to the occurrence of twin pairs carrying the same type of cancer. If so, there would be no need to postulate genetically determined differences between monozygotic twins and others in susceptibility to carcinogenesis by ionizing radiation. W"Ihether or not this is so, the data on monozygotic twins show an inverse correlation between natural and radiation induced frequency of malignant disease, not the positive correlation expected if the association of radiography and increased cancer frequency was the result of selection of the cancer prone for radiography, and thus confirm the causal relationship between antenatal exposure to irradiation and a subsequent increase in malignant disease.
Japanese bomb survivors irradiated in utero
These are a special subgroup in the long term follow-up of the survivors at Hiroshima and Nagasaki. Each survivor has provided a detailed statement of exactly where he or she was at the time of the atom bomb explosions and this, taken in conjunction with detailed and elaborate studies of the radiations produced by the bombs and of the modifications in flux according to the scattering and shielding by air and by building materials of various kinds, has enabled a reasonably accurate estimate to be made of the radiation dose for each individual survivor, although there is a minority of cases where this has so far proved impossible. Jablon and Kato (1970) and Kato (1971) provided the data on cancer deaths over the period 0-24 years after exposure on survivors irradiated in utero classified according to maternal dose.
The frequency of induced malignancy might be expected to increase with increasing radiation dose and a linear relationship is commonly postulated. Given these assumptions Jablon and Kato (1970) showed that there were far fewer tumours after antenatal irradiation in bomb survivors than would be expected from the estimates of risk per rad of diagnostic x-rays provided by Stewart and Kneale (1970a) . Jablon and Kato's (1970) argument was as follows: The whole population of Japanese bomb survivors irradiated in utero included 1 cancer death between 0 and 10 years of age (Table II (l from Table I of Jablon an(l Kato (1970) ancd On the other hand, the basic assumptions underlying these comparisons may be in error. It is not in fact the case that increasing radiation dose always leads to an increased frequency of induced malignancy (Mole, 1973) . It is the general rule, both in experimental work and in observations on man, that there is an optimum radiation dose and that for larger exposures the frequency of induction per unit dose decreases. There is an elementary radiobiological reason for this. Whatever the mechanism of cancer induction, there must be a multiplication of the transformed cell or cells before the cancer can become clinically evident. Ionizing radiation can kill cells and can sterilize them so that, though viable for a time, they cannot reproduce. Thus, the observed frequency of induced malignant disease after doses in the cell sterilizing range will always be less than the frequency expected from the induction process. The deficiency will increase with dose in proportion to the increasing probability of sterilization of cells which would otherwise have been able to divide and so form a " tumour ". The idea was first applied quantitatively by Gray (1965) and has proved applicable to other experimental data and to observations on cancer frequencies in irradiated human populations (Mole, 1974) . When applied to the data on antenatal exposure of human foetuses, the discrepancies outlined above are reduced to acceptable levels.
Cell sterilization by ionizing radiation is exponentially related to radiation dose With x-rays and y-rays in vitro there is commonly a shoulder on the relationship so that for doses from D = 0 to about D DQ the response is less than exponential. However, in vivo observations suggest that the presence or absence of a shoulder in haemopoietic tissue depends on the level of cellular activity (Corp and Mole, 1974) and the only available data on freshly isolated human foetal cells (as distinct from the established mammalian cell lines on which almost all other radiobiological work has been done) have shown a strictly exponential response without shoulder (Cox and Masson, 1974) .
The data on numbers of cases and maternal dose for bomb survivors irradiated in utero are given in Table II together with estimates of the fraction of cells surviving with maintained reproductive integrity using the value for A found directly for human foetal cells by Cox and Masson (1974) . The surviving fraction for a given dose group multiplied by the total radiation exposure of that group in person-rad will then give the effective contribution of that group to the expected frequency of induced cancer in the population, given that the induction process is linear with dose. (Mole, 1965) , there is much less increase in the estimated induction rate for the distribution of person-rad against dose in the Japanese bomb survivors irradiated in utero (Table II, 
column A).
Comment: There is no need to invoke any special explanation for the differences between risk estimates derived from bomb survivors and from antenatal diagnostic radiography. The differences do not seem to require an assumption that women radiographed during pregnancy are a medically selected group (Burch 1970 (Burch , 1974 , or that there was a selective loss of irradiated foetuses and children in Japan because of abortion or post-natal malnutrition or infection (Stewart and Kneale, 1970c) . In fact, post-natal mortality was perhaps surprisingly little affected in those irradiated in utero (Kato, 1971; MacMahon, 1972a) . It should be noted, moreover, that the proportion of the maternal dose due to neutrons was much higher at Hiroshima than at Nagasaki and that the Japanese information about irradiation in utero comes predominantly from Hiroshima. Neutrons are more effective per rad in sterilizing cAls and characteristically have no shoulder on the response curve. They are also more carcinogenic than gammarays or x-rays but the sterilizing action may markedly reduce the expected yield of malignant disease (Mole, 1974) . The effects of these differences on expectations for cancer yield in bomb survivors irradiated in utero are not yet amenable to quantitative study and, until they are, apparent differences between bomb survivors and those receiving radiography do not cast doubt on either set of observations.
Japanese exposed post-natally to atom bomb irradiation and followed for up to 25 years have shown an excess incidence of leukaemia and other fatal malignancies per rad very considerably larger than the mean value for Japanese exposed in utero (Mole, 1974) . All the Japanese bomb survivors were exposed to the same qualities of radiations. The deficiency in induced malignant disease in those irradiated in utero compared with those irradiated post-natally is as large and striking as the corresponding difference from antenatal radiography. The great bulk of the tumours following antenatal radiography are embryomata (Stewart and Kneale, 1 970b) and to explain the deficiency in bomb survivors irradiated in utero in terms of cell sterilization is really to invoke sterilization of those particular classes of cell from which embryomata develop (Mole, 1974) .
Other recent information
About 10,000 white and 10,000 black children who were irradiated antenatally were followed prospectively for 7-20 years and compared with nearly double the number of matched controls who were not so irradiated (Diamond, Schmerler and Lilienfeld, 1973) . The authors found " a three-fold higher leukaemia death rate" in irradiated white children than in their controls " a finding consistent with previous studies". The observed numbers of leukaemias and other malignancies in the x-rayed are given in Table III , together with the expected numbers derived from control data. The increase in leukaemia in x-rayed whites is no more significant than the decrease in leukaemia in x-rayed blacks and the overall conclusion is that a total of 12-5 malignancies was expected in the x-rayed and 13 were found. Given the small numbers this is compatible with the increase of 40-5000 expected from the combined data of other surveys (MacMahon and Hutchinson, 1964) .
The claim by Bross and Natarajan (1 972) 125-or tissue is far commoner than would be expected by chance. Exposure of the foetus to diagnostic x-radiography is never randomized and a comparison of cancer frequency in the x-irradiated and the unirradiated must always involve uncontrolled variables. Russell (1970) , cited with approval by Burch (1974) , listed 6 factors specifying groups who were more likely to be radiographed than normal and who all have a cancer risk higher than normal even when not radiographed: (1) First born children. MacMahon (1962 , Table V) found a similar excess of malignant disease in x-rayed compared with not x-rayed when birth order was allowed for;
(2) Higher social class and colour (white) of mother. In USA these are usually highly correlated. MacMahon (1962 ,  Table V) found a similar excess of malignant disease in x-rayed compared with non x-raved when social class was allowed for, as judged by whether a patient was a private paying patient or a clinic patient. In his series non-white mothers were almost exclusively clinic patients so this comparison takes account of both variables. In fact, the relationship between higher social class and colour and rate of radiography was the inverse of what Russell supposed. The radiography rate in the clinic patients was the higher at 26% and independent of colour, much greater than in white private paying patients (overall radiography rate 10-6% for the whole survey); (3) Children surviving a threatened abortion or with a maternal history of abortion; and (4) children of mothers aged over 40 years. The relationship between antenatal x-ray and subsequent cancer incidence does not seem yet to have been examined separately in these and in other children.
Further comparisons are provided here for singletons and monozygotic and dizygotic twins. Whenever a population has been subdivided into classes differing in their natural expectation of malignant disease, there has been a similar excess of malignant disease in those x-rayed as foetuses as compared with those not so x-rayed. It seems to be especially important that the x-ray associated excess frequency of leukaemia and of solid cancers was quantitatively very similar in singletons, of whom 10% were radiographed, and in dizygotic twins, of whom 5500 were radiographed. The proportion of the x-ray associated excess which is the result of selection must have been quite small. The only alternative to acceptance of a causal relationship to radiation is to postulate an interaction between two other factors which happens to give the same numerical result.
Acceptance of the causal relationship also means accepting that radiation in the dosage given by diagnostic radiography is carcinogenic, at any rate for the foetus. But much higher doses in Japanese bomb survivors exposed in utero, up to 500+ rad, were much less carcinogenic (Jablon and Kato, 1970) . Several different factors are concerned in what can only be approximate estimates and, when the appropriate allowances are made for these, there is no reason to conclude that the Japanese data deny the carcinogenic action of antenatal diagnostic radiography. Moreover, if any observations are out of line with expectation, it is the Japanese data for in utero irradiation, not the data for antenatal radiography. The risk of induced malignant disease during the first 25 years after exposure for Japanese bomb survivors irradiated post-natally over the same dose range is in the region of 100 cases per million persons exposed per rad (Jablon and Kato, 1972; Mole, 1974) . The risk for antenatal radiography is of the same order at 240 cases per million per rad (UNSCEAR, 1972) .
